Résune. -On se propose ici, d'une part d'étudier quelles sont les nouvelles caractéristiques de la dynamique Slectronique dans un composant subnicronique et d'autre part de décrire de nouvelles méthodes de modélisation qui permettent de les prendre en compte.
Abstract. -It is the purpose of this paper to study on the one hand, what new features characterise non steady state carrier transport in sub-micron semiconductor devices, and on the other to suggest and describe new methods of model line which take these new features into account.
I.Introduction. -The main goal of the microelectronics industry is to make everincreasing numbers of smaller devices on a single chip. The advent of high-resolution electron and X-ray lithographic techniques is leading toward an era in which individual features sizes might well be fabricated on the scale of 100-200 nm. It will then become feasible to develop \/ery small device structures where size and related effects may be as important as the bulk properties of the host semiconductor material. In this type of devices, carriers are often in non stationnary conditions characterized by strong spatial non uniformity and it becomes obvious that we must now ask whether classical device modelling may be extrapolated down to the very small space and tine scales usually encountered in sub-micron devices. It is the purpose of this paper to study what kind of new phenomena may occur in non steady conditions in a semiconductor and to suggest and to describe new methods which take them into account.
In the first part of this paper, the main features of carriers transport in conditions which are either non stationnary or characterized by strong spatial non uniformity, will be discussed. It will be assumed that transport physics may still be based on the Boltzmann equation but it will be shown that, even for this case, the features characterizing carrier transport can be very different from those related to steady state and bulk transport. These include the well known balistic notion and overshoot velocity phenomenon but also other ones which have not yet been studied in Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981708 d e t a i l such as non s t a t i o n n a r y s t a t e d i f f u s i o n , and special e f f e c t s due t o transverse e l e c t r i c f i e l d i n a depletion o r i n v e r s i o n layer.
I n the second p a r t o f t h i s paper, we discuss new methods o f n o d e l l i n ? which could take a l l the p r e v i o u s l y described features i n t o account. S u i t a b l e inprovenents can be made t o the c l a s s i c a l p o d e l l i n ? o f l a r p e devices by usinn the r e l a x a t i o n time approximations and the p r i n c i p l e o f such a nethod i s presented. P a r t i c l e models can a l s o be used i n the wodelling o f submicronic devices. I n tlonte E a r l o wethods, motions o f the p a r t i c l e s representative o f the c a r r i e r s i n the device are studied sinultamusl y i n 2 and space. A few exanples w i l l be given concerninc t h i s powerfull method which u n f o r t u n a t e l y i n v o l v e s very l o n~ conputation t i n e . As a consequence, s i m p l i f i e d procedure w i l l a s l o be sho'tly discussed.
11. Basic features o f non steady s t a t e c a r r i e r t r a n s p o r t i n S.C. -11.1. Iheg-gtjcal b a c k s r g u n~2 -c a r r j e r -_ t r~~s _ p g~t t~~~-e h y~i~a l s c . -I n order t o study new phenonena which may occur i n sub-micron devices, i t i s necessary t o r e c a l l b r i e f l y the basic physics o f c a r r i e r t r a n s p o r t i n a semiconductor.
Transport p r o p e r t i e s are u s u a l l y described by the Eoltznann t r a n s p o r t equation
which allows us t o o b t a i n the c a r r i e r d i s t r i b u t i o n $(?,C,t) i n k-space and geonetric a l r-space. I n t h i s r e l a t i o n , the d r i f t v e l o c i t y G, can be obtained f r o n the band s t r u c t u r e g ( k ) c h a r a c t e r i s i n 9 the seciconductor n a t e r i a l throunh the c l a s s i c a l equat i o n Consequently the main parameters which occur i n t h e OTE are the band structures, s c a t t e r i n g mechanisms (represented by the f u n c t i o n s #(E,c)), and the e l e c t r i c f i e l d E(r,t). I f a l l these q u a n t i t i e s are known, the BTE can be solved t o o b t a i n the d i st r i b u t i o n f u n c t i o n f r o n which a l l average q u a n t i t i e s such as<E>, < 'S> can be deduced.
This i s a c h i e v e d , p r a c t i c a l l y u s i n r e i t h e r i t e r a t i v e methods [ I ] [2] t o o b t a i n f d ir e c t l y , o r more i n d i r e c t nethods such as the llonte Carlo (PC) procedure [31 141 . The i n t e r e s t i n t h i s l a s t method i s n o t o n l y because i t i s a powerful t o o l i n the study o f nonlinear t r a n s p o r t i n seniconductors, b u t a l s o because i t provides a c l e a r explan a t i o n o f e l e c t r o n dynamics i n a seniconductor. I n t h i s method, the stochastic n o t i o n o f the representative p o i n t s o f the c a r r i e r i n k-space i s studied nur:cricaly i n order t o o b t a i n a t each time step f u l l i n f o r m a t i o n on the s t a t e o f the c a r r i e r ( i . e . i t s energy and i t s d r i f t v e l o c i t y ) . Plotions are c a l c u l a t e d t a k i n n i n t o account every t i r e step At, i.e. the e f f e c t o f the e l e c t r i c f i e l d which w i l l n o d i f y 2 :
and the e f f e c t o f the s c a t t e r i n g nechanisns which nay r a n d o~l y change t h e p o s i t i o n o f the representative p o i n t s w i t h a oroba1it.y ( p r a t i c a l l y s u i t a b l e random t r i a l s can be achieved t o f i n d o u t whether an i n t e r a c t i o n has occured during At, and, i f so, t o deternine which s p e c i f i c s c a t t e r i n g has occured).
Since, f o r each At, the energy and v e l o c i t y are knom, the averane q u a n t i t i e s <E> and <& can be obtained : ( i ) by an ensemble averane, studying the n o t i o n o f a great n u~b e r o f representative p o i n t s ; o r ( i i ) by a t i c e averape, studyinp the mot i o n o f a s i n g l e representative p o i n t over a very lonp p e r i o d o f t i n e . I n a d d i t i o n since $ can be determined the l o c a t i o n o f the c a r r i e r i n t h e ~e o~e t r i c a l space can a l s o be known f o r each step.
Consequently, the KC method makes i t possible t o solve the BTE whatever the scatt e r i n g mechanisms and band s t r u c t u r e nay be, and t o o b t a i n i n almost a l l cases useful r e s u l t s on c a r r i e r t r a n s p o r t i n scniconductors. tlo\vever, s i f n f i c a n t r e s u l t s w i l l be obtained o n l y i n cases where the BTE can be applied, and so i t i s necessary t o p o i n t o u t the t h r e e main assumptions which a r e needed f o r the BTE t o be v a l i d : Based on t h i s t h e o r e t i c a l background, the i n f l u e n c e o f the s i z e o f the device and o f the operatinc conditions on the c h a r a c t e r i s t i c s o f c a r r i e r t r a n s p o r t w i l l now be studied. From equation ( I ) , i t can be noted t h a t t h e space and time v a r i a t i o n of a f a f the e l e c t r i c f i e l d w i l l deternine values o f -and + I n c l a s s i c a l devices operaa t a r t i n g i n usual conditions, one o e n e r a l l y assunes t h a t these space and t i n e v a r i a t i o n s are so weak t h a t i n each p o i n t o f the S. C. a steady s t a t e i s obtained. This r e s u l t s fror;! an " e q u i l i b r i u m " between p e r t u r b a t i o n s due t o t h e e l e c t r i c f i e l d and s c a t t e r i n g mechanisms ( p r a c t i c a l l y t h i s assusption reans t h a t the BTE can be used n e~l e c t i n o t h e term af 'at). Then the main c h a r a c t e r i s t i c s o f c a r r i e r t r a n s p o r t i n a l a y e device ( i ) a hizh-frecuency sinusoidal e l e c t r i c f i e l d supernosed upon a steady s t a t e f i e l d i s applied t o the \!hole seciconductor n a t e r i a l : E ( t ) = Eo + El s i n wt ; ( i i ) a t i n e ~u l s e o r a t i c e s t c~ c o n f i p r a t i o n c f the e l e c t r i c f i e l d i s applied t o the \c/hole semiconductor n a t e r i a l .
I n both cases, we have t o deternine the average t r a n s i e n t d r i f t v e l o c i t y which could r e s u l t f r o n the a ? p l i e d e l e c t r i c f i e l d . I n the f i r s t case, r e s u l t s cbtained concernin. the t i n e v a r i a t i o n d r i f t v e l o c i t y < A v ( t ) > , calrsed by the sinusoidal elect r i c f i e l d , can be characterised by i n t r c d u c i n g a corplex d i f f e r e n t i a l r o b i l i t y usinn the r e l a t i o n :
w where Avw i s the F o u r i e r transform o f ( A v ( t ) ) .
The low frequency d i f f e r e n t i a l n o b i l i t y can e a s i l y be obtained as the d e r i v a t i v e ($)Eo o f the v e l o c i t y f i e l d c h a r a c t e r i s t i c s because i t can be assuned t h a t a steady s t a t e c x i s t s , r e s u l t i n g fror! a balance between the e f f e c t o f the e l e c t r i c f i e l d and the s c a t t e r i n g nechanisns.3y c o n t r a s t y t h a t i s n o l o n g e r t h e case when V.H. Such an e f f e c t a l s o determine the frequency l i m i t o f t h e negative d i f f e r e n t i a l obil i t y o f most o f the m u l t i v a l l e y seni-conductors, which r e s u l t f r o n the non i n s t a n t aneousness o f the t r a n s f e r r e d e l e c t r o n e f f e c t s [91 [ 10 1.
The above pheno~ens w i l l occur o n l y i n nicror!ave devices. The case where a t i~e pulse o r a time step c o n f i g u r a t i o n o f the e l e c t r i c f i e l d i s a p p l i e d t o the seniconductor material appears t o be Pore i n t e r e s t i n y ; since i t i s the simplest rlay t o s t imulate roughly the e l e c t r i c f i e l d a p n l i e d t o a c a r r i e r when i t t r a v e l s throuph t h e a c t i v e l a y e r o f a spa11 device. A f i r s t e x a v l e o f r e s u l t s obtained when a t i r e step c o n f i o u r a t i o n o f E i s a n n l i e d t o S i i s ~i v e n i n f i p u r e 1 [Ill, e!here the average t r a n s i e n t d r i f t v e l o c i t y and enerry are p l o t t e d against t i r e . It can be noted t h a t which i s much higher than the steady s t a t e value ; t h i s i s t h e w e l l known overshoot phenomenon [13] . As time increases, the average ener!y o f the c a r r i e r a l s o increases progressively u n t i l a steady s t a t e value i s obtained, w h i l e the d r i f t v e l o c i t y decreases and a l s o reaches a s t a t i o n a r y value.
In order to understand these phenomena better i t i s interesting to study the^ in k-space. In figure for various times a f t e r the application of the pulse [ I l l . A t t i~e 0 the symmetrical distribution function of the equilibrium condition i s observed (figure 2a). Drift veloci t i e s of the simulated carriers are proportional t o the slope aa/ak, corresponding to the location of representative points in the band structure (also represented in fioure 2a). Obviously, in t h i s symmetrical case, the average value of the d r i f t velocity vanishes, while the value of the average energy corresponds t o the temperature of the semiconductor paterial. In figure 2b i s plotted the distribution function obtained when the e l e c t r i c field has just been applied ; scattering mechanisms have not yet occured, and consequently only the perturbation due to the e l e c t r i c f i e l d i s observed. Every c a r r i e r , or, nore exactly, every representative point, Toes in the same direction and only a s h i f t in the distribution function (proportional t o the observation time) i s observed. The d r i f t velocity of a l l carriers increases proportionally with time and a hiph value of the average d r i f t velocity can therefore be achieved. This b a l l i s t i c transport i s obtained in Si a t room temperature during the f i r s t tenth of a picosecond. As time increases, however, the scattering mechanisms progressively occur, the distribution function widens (figure 2c and d ) , and the average d r i f t velocity decreases because, when a carrier i s submitted t o an interaction, the d r i f t velocity resulting fron the action of the e l e c t r i c field i s renerally reduced. Values hipher than the steady s t a t e value reaain (the overshoot phenoaenon) unt i l the steady s t a t e i s reached (figure 2e) when there i s a balance between the energy gained from the e l e c t r i c f i e l d and energy l o s t throuch scattering mechanisms. Keeping these various phenomena in mind a f i r s t description of the most suitable semi-conductor, which could allow to achieve the highest value of the overshort and b a l i s t i c velocity, can be given.
Firstly, for a given variation of k imposed by the e l e c t r i c f i e l d , the variation of the velocity of the carriers must be as larpe as possible. Consequently, the band structure should be Characterized by the lowest value of the effective mass. In addition, t h i s effective mass must not increase too much when the carrier energy E increases (paralolic band i s the optimum case).
Secondly, the scatterinn rate must remain as weak as possible reyardless of the value of E, because due to scatterinp aechanisc?~ the distribution function widens and the averare velocity decreases.
Takinp into account these requested properties, I I I V seai-conductor co~pounds present particular interest because, in cost cases, effective mass and scatterin? rates are very weak. However, they are aultualley semi-conductors and f o r an energy close t o the interval ley nap, scattering rates strongly increase 2nd carriers transf e r in the valley in which only very low values of the d r i f t velocity can be achieved. Consequently semi-conductors such as Gal-, InxAs or In ASP which have a large intervalley gap, a low effective mass appear t o be the ~o s t suitable materials [I41
Nevertheless, so f a r Ga As appears t o be the cost used semi-conductor material. Consec;uently, i t seems of interest t o determine the value of the ~axiaum averape transient velocity which could be realized by a carrier travellinn over a distance d in t h i s semi-conductor. F i r s t of a l l , l e t us consider the case of a t i n e step confi9u-ration of the e l e c t r i c field : for every distance d, an optimum value of the e l e c t r i c field E,can be choosen in order t o obtain the maxirnun value of the average velocity over a distance d. The obtained results appear i n fiyure 3. t a l s c a t t e r i n p r a t e on the energy i s a l s o studied. Frov these r e s u l t s , i t can be not e d t h a t i t i s possible t o r e a l i z e , f o r enerry values s l i g h l y s c a l l e r than the i n t e r - sonnable values o f the s c a t t e r i n g r a t e s and consequently during a r e l a t i v e l y l o n g t i n e . However, t h i s can o n l y be achieved if the energy o f the c a r r i e r (close toAcTL) i s k e p t t o a constant value during a very ion? t i n e . P r a t i c a l l y t h i s can be r e a l i z e d by using very s h o r t time pulse c o n f i r j u r a t i o n o f the e l e c t r i c f i e l d E characterized by very high value of E. The pulse duration has t o be choosen in order t o obtain a final energy slighly smaller than the intervalley cap. For very short pulse durations (very high values of E are then requested), scatterin? events have no time t o occur, and consequently very h i~h d r i f t velocity can be achieved without an important velocity distribution. However when t h i s s t a t e i s realized, the e l e c t r i c field has to be cancelled since E must be kept t o a value smaller than The e l e c t r i c f i e l d vanishing to zero, a really b a l i s t i c potion of a l l the carriers i s then archieved ; consequew t l y the i n i t i a l very h i~h velocities decrease very s1owly.A~ a result, rather lonr distances can be archieved during very short times. An example of results obtained by using such a b a l i s t i c motion i s given in figure 5. I n the case o f low frequency o r i n f i n i t e observation t i r e T l i~i t s , the two f i r s t d e f i n i t i o n a r e e a s i l y shown t o be i d e n t i c a ? on t h e contrary, i f the observation time t i s much smaller t k n the Rean f r e e time between two c o l l i s i o n s , the c a r r i e r s have no time t o change d u r i n g the time t and equation ( i ) can then be w r i t t e n : In the high frequency limit, from relation [4] i t can be noted that D -t O as w-tm. However, no sipole relations hold in t h i s case for D obtained using both definitions.
Typical variations of the speadint diffusion with the observation t i r e and of the noise diffusion with the frequency are riven in figure 7 in the case of CaAsC331 Two Eain cases occur. The f i r s t one i s obtained when scatterin? between non equivalent valley i s nerligible, i.e. when the e l e c t r i c field i s cuch smaller than the c r i t i c a l field. In t h i s case, the noise diffusion coefficient i s a monotonous decreasinc function as w increases andlhspreadinrj diffusion coefficient increases monotonously as t increases. This corresponds ( f i y r e 7) to velocity correlation functions close to an exponential form. The second case i s observed a t high e l e c t r i c fields when intervalley scatterincs increase to a rea at extent. The frequency o r time evolution of the diffusion coefficient presents a caxirnu~ and t h i s behavour corresponds t o Fig. 8a . : The e l e c t r i c f i e l d step i s applied just a t the becinning of the observation time ( f u l l lines); a s t a t i c e l e c t r i c field i s applied to the seci-conductor in order t o realize a steady s t a t e (dashed lines). Fig. 8b . : The e l e c t r i c f i e l d step i s applied a l o n~ time a f t e r the beginning of the observation tine. correlation functions of velocity fluctuations which reach necative values and then vanish. These phenocena can be explain@d in the followin? way. In the hilher velocity valley (i.e. the central valley for n-EaAs), the l i f e t i r e of electrons w i t h positive velocity fluctuations i s very short since they are hichly likely t o transfer t o other valleys. Consequently, we should mainly observe the lonr f l i g h t in k-space accross the central Val ley of electrons characterized by i n i t i a l negative velocity f l uctuations. For such an electron, the z cocponent of velocity should vary rouchly linearly with time.
As a r e s u l t , the frequency o r the time which c o r r e s~o n d t o the d i f f u s i o n c o e f f i c i e n t peak o r t o the minipus n e r a t i v e value o f the c o r r e l a t i o n f u n c t i o n should be r e l a t e d t o time p e r i o d o f t h i s phenomenaL331 [341.
A l l the above r e s u l t s have been o b t a i w d i n steady s t a t e when a constant e l e c t r i c f i e l d i s a~p l i e d t o the whole semi-conductor. Yevertheless, i t seems i n t e r e s t i n g t o study the behavior o f the S.C. m a t e r i a l s submitted t o a time step c o n f i o u r a t i o n o f the e l e c t r i c f i e l d because such a s i t u a t i o n r o u~h l y occurs i n submicronic devices.
I n f i g r e 8 are reported t h e v a r i a t i o n s o f the mean square displacepent o f the c a r r i e r s versus t i~e when a t i n e stea o f e l e c t r i c f i e l d i s aaplied. Trlo cases are i nvestigated. I n the f i r s t case ( f i y u r e 8a) the tiixe step i s a p p l i e d a t the b e c i n n i n~ o f the observation t i r e . I n the second Case ( f i y r e 8b) the t i r e step i s applied a l o n~ t i r e a f t e r the beginning o f the sarnpline t i n e .
I n both cases, one can note that, a small t i n e a f t e r the a p p l i c a t i o n o f the e l e c t r i c f i e l d , the mean square displacement saturates, and then, s l i~h t l y decreases.
The spreadin? d i f f u s i o n c o e f f i c i e n t which can s t i l l be defined by using equation ( 3 ) are p l o t e d versus time i n f i p u r e 8.
The following remarks can be pointed o u t :
. the t r a n s i e n t Consequently, i t seems t o be necessary t o take account o f such t r a n s i e n t phenonena i n r o s t o f the s u b r i c r o n i c devices. 
Phenomena observed when the e l e c t r i c f i e l d a y l i e d t o the semiconductor i s characterised by s h o r t s p a t i a l scales.-Because sub-micron devices are always char a c t e r i s e d by s h o r t s p a t i a l scales o f t h e e l e c t r i c f i e l d , t h i s case i s p a r t i c u l a r l y i n t e r e s t i n g . Some o f the c h a r a c t e r i s t i c s o f c a r r i e r t r a n s p o r t i n t h i s case

C7-86 JOURNAL DE PHYSIQUE observed i n f r o n t o f t h e soace step o f t h e e l e c t r i c f i e l d . It can a l s o be noted t h a t overshoot v e l o c i t y phenomena are s t i l l observed because t h e maximum value o f the d r i f t v e l o c i t y given i n f i g u r e (b) i s much higher than t h e steady s t a t e saturated
value.
L e t us now study other unusual features o f c a r r i e r t r a n s o o r t i n sub-nicron FET devices. The a c t i v e region thickness i s o f t e n comparable t o a felv Debye lengths, and the t r a n s i t i o n r e g i o n between t h e f u l l y depleted l a y e r and the quasi-neutral region cannot be neglected. Consequently we have t o determine t h e c h a r a c t e r i s t i c s o f elect r o n dynamics i n t h i s t r a n s f o r the d r i f t v e l o c i t y , and a l s o f o r the average energy o f the c a r r i e r s . I t can be seen t h a t i n both cases c l a s s i c a l methods using r e l a t i o n (6) g i v e r e s u l t s which aEe q u i t e d i f f e r e n t from those obtained by VC procedures, and consequently t h e i r a o o l ic a t i o n t o t h e t h e o r e t i c a l t r e a t~e n t o f FET i s inadequate and gives u n r e l i a b l e r e s u l t s . current equation :
o n g i t u d i n a l d r i f t v e l o c i t y ( v x ) . I t can be noted from f i g u r e ( l 0 b ) t h a t most o f the c a r r i e r s are submitted n o t o n l y t o a l o n g i t u d i n a l e l e c t r i c f i e l d ( i n t h i s case Ex = 30kVcm-'), b u t a l s o t o a non-negligible transverse e l e c t r i c f i e l d . I t i s t h e r e f o r e necessary t o take i n t o account as e x a c t l y as
thermal noise equation : < ~i~> = 4 qn Dn(E) dx I t can be noted t h a t the l e a s t accurate, and also the main assumptions emrtloyed in these equations are that the average d r i f t velocity vn and the diffusion coefficient D are instantaneous functions of the local e l e c t r i c f i e l d . Hvlrever, a considerable improvement could be achieved by using the relaxation time aa?roximation in order to obtain the average energy E of the carrier from which the d r i f t velocity vn and the diffusion coefficient Dn can be deduced. These approximations are based in the simplest case of a time dependent uniform field on the following equations: t o r m a t e r i a l o n l y t h e a l l o y composition l a t t i c e matched on I n ? a r e considered.
GATE
These r e l a t i o n s can be roughly j u s t i f i e d t a k i n g i n t o account the conservation o f momentum and energy, b u t can a l s o be deduced more r i g o r o u s l y from the BTE under c e r t a i n conditions, as discussed by Nougier e t a1 (18) . I n these two r e l a t i o n s , s c a t t e r i n g mechanisms are taken i n t o account by i n t r o d u c i n g momentum and energy r e l a x a t i o n times which depend on the e n e r y o f t h e c a r r i e r . Consequentl:~, i n r e l at i o n s (6) the t h r e e q u a n t i t i e s T , (12), Carnez e t a1 (13) and Capuy e t a1 (14) , and i t can be noted t h a t 7ood ayreement w i t h a more exact c a l c u l a t i o n i s generally observed.
Tnis i s c l e a r l y sholvn i n f i g u r e 11, where a c o~n a r i s o n between t h e r e l a x a t i o n time d e s c r i y t i o n and the t r a n s i e n t response obtained by 'E o r by i t e r a t i v e methods has been c a r r i e d out. I t can be seen t h a t f o r t h e f i v e semiconductor m a t e r i a l s studied, r e s u l t s obtained on the d r i f t v e l o c i t y by t h e r e l a x a t i o n t i v e nethod agree very w e l l w i t h t h e more exact c a l c u l a t i o n . Consequently, t h e r e l a x a t i o n time aaproximation a?pears t o be very useful f o r the modelling o f sub-micron devices, and t h i s method i s now o f t e n employed (19) (20) (21) (32).
Compared w i t h c l a s s i c a l wodelling, the basic f e a t u r e o f a model using the r e l a x a t i o n time a7proximation i s t h e use o f a d d i t i o n a l equations t o o b t a i n t h e average energy o f the c a r r i e r s i n each p a r t o f t h e semiconductor m a t e r i a l , from which the d r i f t v e l o c i t y and a feat/ o t h e r q u a n t i t i e s ( f o r example d i f f u s i v i t y (22) o r i o n i z a t i o n r a t e (23) can be deduced. 4n exavple o f r e s u l t s obtained w i t h a FET model based on t h e r e l a x a t i o n time approximation i s given i n f i q u r e 12.
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-'lonte Carlo p a r t i c l e models appear t o be the most promising methods f o r modelling, and w i l l t h e r e f o r e be described. I n such a model, t h e motion o f p a r t i c l e s reores e n t a t i v e o f the c a r r i e r s i n the device i s studied simultaneously i n k-and r-space An YC simulation i s f i r s t used t o obtain the d r i f t velocity of a l l the simulated carriers from which the instantaneous positions of carriers in the device are deduced. The c a r r i e r density can then be obtained and used to solve Poisson's equation and t o determine the e l e c t r i c f i e l d required a t each ~o i n t of the device t o carry out further 'lC sinulations. Two main methods can be em?lo:yed to determine the carrier density when the 3ositions of the ?articles have been obtained. In the single-carrier method, the motion of only one particle i s studied and the carrier density i s determined progressively from the time A t spent by the qarticle in an elementary volume Ar of the device
Mhere T i s the observation time during which the motion has been studied, and K i s a normalisation constant determined from the total number of carriers in the device.
Such a method does not allow one t o obtain the time dependence of n because, by using relation ( 7 ) , the inteqration of n over tine i s carried out automatically.
This method can therefore only be used t o obtain stationary values of the various parameters of the device. In the multi-carrier method, the carrier density i s determined from the number of simulated carriers observed a t an instant t in an elementary volume a3r. The time dependence of the c a r r i e r density can be obtained, and the high-frequency behaviour of the device can then be studied. In view of the importance of this nev method of modelling, i t i s interesting to highlight the main features of XC methods in relation t o other more classical inethods. I t s main advantages appear t o be :
(1) The continuity and current equations (including the diffusivity effect) are automatically taken into account when carrying out the simulation nrocess. Consequently the computer has t o solve only one differential equation (Poisson's) and t h i s remains true even i f c o~~l e x devices (such as bisolars) are studied. ( 2 ) All the characteristics of carrier transport (for example, non-stationary features) which occur in sub-nicron 'devices are taken into account exactly. The only conditimon i s that the BTE and the band structure approxination must be valid.
(3) Surface and interface scattering can be taken into account without major complications (23) (4) Additional phenomena (such as I' IPATT ionisation, electron-electron interactions) can be described, and preliminary results have already been obtained (11) The :lC method can be used t a determine a l l the device properties, including noise (31) .
(6) 8ipolar devices can be studied without greatly increasing the computation time. The motion of a large number of particle i s then studied simultaneously in k space of both the valence band (hole) and the conduction band (electron) takiny into account the specific scattering mechanisms in each band. The location of a l l the particles can be deduced and Poisson's equation may then be solved taking into account the density of both types of particles. An exagple of the results obtained i s given figure 14 (28) .
3n the other hand, a few serious problems are generally encountered using :1C particle methods ; the main ones are as follows.
(1) The method requires very long comuutation times and consequently needs a very 7owerful computer.
(2) The numerical results obtained by t h i s method cannot be very accurate due to the stochastic motion of the simulated carriers and t o the resulting random fluctuation of the calculated parameters (the physical meaning of these fluctuations resulting from thermal noise can be pointed out). Concerning t h i s point, i t should be noted that the accuracy achieved i s inversely ?rooortional t o the square root of the number of simulated carriers and/or the observation time ; very expensive calculations are therefore needed i f highly accurate results are t o be obtained. The f i r s t two problem appear t o be the most d i f f i c u l t features of ' -1C particle methods, but i t should be noted that by using single-carrier methods some improvement can be achieved. Since only one carrier has t o be studied, computer time and memory occupation can be reduced. In addition, due t o the time-integration of a l l quantities, thermal noise and random fluctuations of the calculated parameters are greatly reduced. Unfortunately only the stationary s t a t e can then be studied, and effects such as those due to microwave or optical fields cannot be investigated.
IV. Conclusion.-This paper has been devoted mainly to the study of non steady s t a t e c a r r i e r transport which occur in sub-micron devices. In t h i s type of device, carrier transport can in most cases be studied using the Boltzmann transport equation. However, new features, such as overshoot and undershoot phenomena, b a l l i s t i c transport, transient diffusivity and wider distribution of the carrier energy in a depletion layer then characterise the carrier dynamics.
The relaxation time approximation appears t o be a successful method for taking into account ( a t least partly) these new features and f o r setting up simple rnodels which could be used in industrial laboratories. So f a r , however, only "lonte Carlo particle models make i t possible t o obtain "exact" results taking into account a l l the features o f c a r r i e r dynaxics i n medium-small devices. This procedure i s theref o r e the most promising f o r modelling sub-micron devices, and could be used i n the f u t u r e t o study a l l the p r o p e r t i e s o f y a c t i c a l l y a l l types o f device. Obviously a t present such a method needs very long computation times, although i t should be noted ( i ) t h a t t h i s disadvantage w i l l gradually be diminished as f a s t e r computers are r e a l i s e d ; and ( i i ) t h a t a t the ~r e s e n t time, s i m p l i f i e d ? a r t i c l e models such as s i n g l e c a r r i e r method o r d i f f u s i v e model (32) are useful i n s o l v i n g many problems.
F i n a l l y , i t should be pointed o u t t h a t the c h a r a c t e r i s t i c s o f the c a r r i e r dynamic which occurs i n very small devices ( a c t i v e r e g i o n smaller than 0.1 p) has n o t been studied i n t h i s paper because s u i t a b l e t h e o r e t i c a l work on c a r r i e r t r a n s p o r t i n t h i s type o f device i s o n l y j u s t beginning. Yany i n t e r e s t i n g new features (such as synergetic e f f e c t s and quantum t r a n s p o r t ) w i l l occur i n very small devices, and t h e i r study w i l l r e q u i r e a g r e a t deal o f i n t e r d i s c i p l i n a r y work. This appears t o be an i n t e r e s t i n g goal f o r the f u t u r e .
